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ABSTRACT 


A  diaphragm  type  load  cell  having  a  stepped-up  central  region  is 
theoretically  analyzed  and  experimental  results  are  compared  with  the 
theory.  The  diaphragm  is  optimized  on  the  basis  of  the  theoretical  results 
and  a  procedure  is  set  up  to  design  a  diaphragm  type  load  transducer  for  a 
particular  load  range.  A  comparison  of  the  diaphragm  type  load  cell  with 
two  other  commonly  employed  transducer  elements,  the  cylindrical  type  and 
the  fork  type,  is  presented.  This  comparison  has  been  made  on  the  basis  of 
the  same  overall  size  for  load  range,  sensitivity  and  frequency  response. 
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CHAPTER  I 


INTRODUCTION 


1.1  History 

The  design  of  transducers  for  measuring  pressures  and  loads  has 

received  the  attention  of  scientists  and  engineers  for  a  considerable  time. 

The  development  of  strain  gauges  in  the  late  1930's  made  it  possible  to 

(1)* 

design  transducers  with  more  accuracy  and  dependability.  Grey  has  given 

a  comparative  evaluation  of  a  strain  gauge  as  an  element  of  a  pressure 

transducer  and  other  similar  elements  like  capacitance,  crystal  and  reluc- 

(2) 

tance  types.  In  the  late  1940 's  and  early  1950 's  Bierman  and  Jenkins, 

(3) 

and  Bierman  successfully  employed  the  diaphragm  type  transducers  with 

(4) 

strain  gauges  as  physical  and  hypodermic  pressure  manometers.  Wenk 
devised  a  diaphragm  type  transducer  to  measure  low  pressures  in  fluids,  and 
Werner developed  a  systematic  procedure  for  designing  a  diaphragm  for 
measuring  pressure  in  1953.  Hitherto,  a  diaphragm  was  used  to  measure 
pressure  only. 

/  /:  \ 

In  1966,  Lee,  on  behalf  of  the  Center  for  Highway  Research, 
University  of  Texas,  employed  a  diaphragm,  illustrated  in  Figure  1,  as  a 
"Load  Transducer"  in  a  "portable"  scale  for  weighing  vehicles  in  motion. 

As  a  result  of  this  application  the  Research  Council  of  Alberta,  Highways 
Division,  experimented  on  diaphragms  of  the  same  shape  and  made  of  hardened 
tool  steel  (Atlas  Keewatin  Steel).  Unfortunately,  a  few  of  the  load  cells 
cracked  in  the  load  range  of  8000  to  9000  pounds.  This  suggested  a  theo¬ 
retical  and  experimental  investigation  of  the  stresses  and  deflections  of 
the  diaphragm  for  different  geometrical  parameters. 

Superscripts  denote  the  reference  number  in  the  Bibliography. 
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FIGURE  1.  Load  Cell  or  Diaphragm 


1.2  Aim  of  Thesis 

The  aims  of  this  thesis  are;  first,  to  analyze  the  diaphragm 
type  force  transducer  for  stresses  and  deflections  in  relation  to  the 
geometrical  parameters  and  the  applied  force;  secondly,  to  optimize  the 
geometrical  parameters  of  the  diaphragm  for  a  maximum  load  range  and  set 
up  a  systematic  procedure  for  designing  an  optimum  load  transducer;  and 
finally,  to  compare  the  diaphragm  type  load  transducer  with  some  of  the 
commonly  employed  load  transducers. 

1 . 3  Plan  of  Thesis 

In  Part  A,  a  theoretical  analysis  of  the  problem  has  been  sought 
by  different  methods  after  necessary  idealizations  have  been  made  for  the 
nature  of  loading  and  the  shape  of  the  diaphragm.  These  theoretical 


3 

results  have  been  compared  with  those  obtained  from  experiments  on  two 
diaphragm  type  load  cells. 

Part  B  deals  with  the  optimization  of  the  different  geometrical 
parameters  of  the  diaphragm  for  designing  a  transducer  for  a  maximum  load 
range  on  the  basis  of  the  analysis  presented  in  Part  A.  A  systematic 
procedure  has  been  laid  down  for  designing  a  load  transducer  with  the 
optimized  data. 

In  Part  C,  design  procedures  for  cylindrical  and  fork  type 
transducers,  two  commonly  employed  load  transducers,  have  been  set  up  to 
compare  with  the  diaphragm  type  load  transducer. 


PART  A 


DIAPHRAGM  TYPE  LOAD  TRANSDUCER 


CHAPTER  II 


THEORETICAL  ANALYSIS 


2.1  General 

An  attempt  is  made  in  this  chapter  to  theoretically  analyze  the 
stresses  and  deflections  of  the  diaphragm,  shown  in  Figure  1,  by  idealizing 
the  shape  of  the  diaphragm  and  the  nature  of  the  load  distribution.  The 
theories  and  methods  which  may  be  applied  to  this  idealized  diaphragm  are 

i)  the  theory  of  three  dimensional  elasticity  for  bodies  bounded 
by  a  surface  of  revolution, 

ii)  a  simplified  method  by  treating  the  central  thick  portion  as 
a  rigid  body  acting  as  a  load  distributor, 

iii)  the  thin  plate  theory, 

iv)  the  generalized  plane  stress  theory  or  moderately  thick  plate 
theory  as  suggested  by  Love.^ 

In  this  work,  solutions  have  been  obtained  by  the  last  three 
methods  and  steps  have  been  suggested  to  obtain  a  solution  by  the  first 
method . 

2 . 2  Idealization  of  Shape  and  the  Loading 
Shape : 

-  The  diaphragm  of  Figure  1  has  been  idealized  to  the  shape 

shown  in  Figure  2  by  eliminating  the  radius  at  the  top  of  the  boss  and  the 
projection  at  the  bottom.  It  is  assumed  that  this  simplification  will  not 
affect  the  stresses  and  strains  in  the  zone  of  interest  of  the  diaphragm. 
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FIGURE  2.  Idealized  Diaphragm 

Loading : 

In  the  load  transducer,  Figure  1,  used  by  the  Center 
for  Highway  Research,  University  of  Texas,  the  load  was  transmitted  by  the 
top  plate  through  the  mating  surfaces  to  the  top  of  the  boss  Of  the  dia¬ 
phragm.  Because  of  the  nature  of  surface  contact,  it  is  difficult  to  pre¬ 
dict  the  actual  distribution  of  load  intensity  over  the  boss.  For  analysis 
the  load  may  be  assumed  to  be  concentrated  at  the  center,  but  the  disad¬ 
vantages  of  this  assumption  are  as  follows; 

i)  Under  the  load  application  point,  the  radial  stresses  due  to 
bending  moments  by  both  the  thin  plate  theory  and  the  general¬ 
ized  plane  stress  theory  suggested  by  Love^  become  infinite, 
ii)  Under  the  load  application  point,  the  stress  normal  to  the 
surface  of  the  boss  and  the  shear  stress  due  to  the  concen¬ 
trated  load  become  infinite.  The  thin  plate  theory  and  Love's 
moderately  thick  plate  theory  do  not  take  into  account  the 
effect  of  the  normal  stress  and  shear  stress;  and  hence sare 
unsuitable  for  this  particular  case. 
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iii)  In  practice,  a  concentrated  load  cannot  be  achieved  because  of 
local  yielding  and  the  subsequent  development  of  a  load 
distribution  area.  It  can  only  be  approximated  by  applying 
the  load  over  a  very  small  area,  e.g.,  area  of  contact  of  two 
spherical  surfaces  of  different  radii,  or  of  a  plane  surface 

/ON 

with  a  spherical  surface.  By  applying  Hertz’s  formula v  J  it 
may  be  shown  that  the  resulting  stresses  even  at  very  low 
loads,  for  such  surfaces  in  contact,  are  large  enough  to 
cause  yielding.  Yielding,  in  turn,  causes  a  change  in  the 
area  of  contact  and  in  the  load  distribution,  making  the 
problem  difficult  to  investigate. 

Because  of  the  disadvantages  of  applying  a  concentrated  load, 
it  is  proposed  to  distribute  the  load  uniformly  over  the  boss  area  in  order 
to  analyze  the  problem  theoretically  and  check  it  experimentally. 

Edge  Condition: 

The  edge  of  the  diaphragm  in  Figure  2  is  not 
clamped  in  the  strict  sense  of  the  word,  though  it  approaches  the  clamped 
edge  condition  with  the  use  of  a  heavier  rim  at  radius  r  =  a.  Hence, 
for  theoretical  analysis  the  boundary  condition  is  taken  as  clamped  edge 
condition. 

2 . 3  Three-Dimensional  Approach 

The  diaphragm  of  Figure  2  may  be  considered  to  consist  of  two 
parts  as  shown  in  Figure  3.  The  top  part,  treated  as  a  solid  body  bounded 
by  a  surface  of  revolution,  is  in  equilibrium  under  the  action  of  a  uniform 
external  pressure  of  q  on  the  top  surface,  and  the  reactive  shear  force  Q 
and  moment  M  per  unit  length  along  the  circumference  2irb  over  the  height  h. 
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FIGURE  3.  Clamped  Edge  Diaphragm 

The  solution  is  to  be  obtained  from  the  theory  of  three  dimensional  elas- 

(9) 

ticity  as  indicated  by  Timoshenko.  The  other  part  may  be  treated  as  a 

circular  annular  plate  clamped  at  the  outer  edge  and  acted  on  by  a  radial 
moment  M  and  a  shear  force  Q  per  unit  length  along  the  inner  boundary.  The 
magnitudes  of  M  and  Q  are  such  that  the  deflection,  slope,  and  strain  at 
radius  r  =  b  must  be  the  same  for  both  the  parts.  Obtaining  such  a  solu¬ 
tion  is  extremely  difficult  because  of  the  fact  that  the  shear  force  and 
the  moment  are  applied  over  only  a  part  of  the  cylindrical  body  and  a  poly¬ 
nomial  of  very  high  degree  is  required  for  solving  such  a  problem. 

Without  using  the  three  dimensional  approach,  a  simplified  method 
has  been  adopted  to  obtain  the  solution  to  the  problem  in  the  next  section. 

2 .4  Simplified  Method 

In  this  method,  it  is  assumed  that  the  highly  stepped-up  central 
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portion  acting  as  a  rigid  body,  without  being  deformed  itself,  distributes 
the  load  to  the  annular  plate.  On  this  premise,  the  plate  shown  in  Figure 
4(b)  is  analyzed  to  obtain  results  for  the  plate  shown  in  Figure  4(a). 


Because  of  the  rigidity  of  the  central  portion,  the  slope  at 

radius  r  =  b  is  zero.  The  loading  on  the  plate,  Figure  4(b),  is 

p 

equivalent  to  a  shearing  force  — j“  Per  unit  length  along  the  inner  boun¬ 
dary  at  radius  r  =  b.  The  governing  differential  equation  for  this 
axi-symmetrical  plate  is 


d_ 

dr 


P 

27rbD 
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The  solution  to  this  equation  is 


w  = 


Zl_ 

8ttD 


In  -  -  1 
a 


+  Cj  f-  +  C2  In  f  +  c3  ; 


for  b  ^  r  ^  a, 


where  C^,  are  the  integration  constants  to  be  determined  from  the 

following  boundary  conditions: 


at  r  =  b  , 


¥  =  0 
dr 


at  r  =  a, 


w  =  0 

=  0 


dw 

dr 


Substituting  the  equation  for  w  in  these  three  conditions  and  solving  for 
constants,  the  results  are 


w  = 


Pa 


2  1 


16ttd  /a2  \ 

fe-1) 


_a 


7  « (i. 


In  —  +  2  In  —  +1-  — 
a  a 


£ 

b2 


4  In  -  In  1  +  —  -1-2  In  - 
a  a  b2  a. 


.  for  b  4  r  ^  a 


...  (1) 


M 


=  P(*  +  ^  — Y1 -  K1  -  4)  (2  In  1  +  -  2  In  -  +  1  -  4 

r  8tt  /a2  _\  L\  h2/  \  a  1  +  y/  a  b2 

W  ■ 


V 


?  1  -  y  £_  1_  b 

2  1  +  y  r2  ln  a 


.  for  b  ^  r  <  a 


...  (2) 


a  =  — r  M 
r  h2  r 


. . .  (2a) 


where  is  given  by  equation  (2) 
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Since  the  central  region  is  assumed  infinitely  stiff,  this 
solution  does  not  tell  anything  about  the  stresses  and  deflections  in  the 
zone  0  ^  r  b  of  Figure  4(a).  Radial  moment  Mr  from  equation  (2)  has 
been  plotted  for  various  ratios  in  Figures  9  and  10.  Deflection  w  for 
various  —  ratios  has  been  shown  in  Figures  7  and  8  using  equation  (1) . 

cl 

2 . 5  Thin  Plate  Theory 

The  cross-section  shown  in  Figure  2  is  idealized  to  the  shape 
shown  in  Figure  5,  and  then  the  thin  plate  theory  is  used  to  derive  the 
deflections  and  the  stresses  of  the  diaphragm.  Hoeland^^  used  this  type 
of  idealization  in  analyzing  a  stepped  rectangular  plate,  but  he  did  not 
present  any  experimental  verification. 


q 


i 


h 


FIGURE  5.  Symmetrically  Stepped-Up  Diaphragm 
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In  thin  plate  theory,  deflection  w  satisfies  the  following 
biharmonic  equations: 


•  t  ■ 


0  <  r  ^  b  , 


...  (3) 


V4w  =  0  ; 

2 


b  .<:  r  <  a  , 


...  (4) 


where  for  the  axi-symmetrical  case  in  polar  co-ordinates 


v*  = 

Vdr2 


IlViL  +  Il'i 

r  dr/  Vdr2  r  dr  7  * 


The  solutions  of  equations  (3)  and  (4)  are  given  by  the  following 


equations : 


w 


HE —  +  a  4-  b  r2 
64D  A1 

n 


0  ^  r  ^  b  , 


(5) 


w.  =  +  B  r2  +  C0  In  —  +  D0r2  In  —  ;  b  r  ^  a, 

2  22  2  a  2  a 

...  (6) 

where  A1 ,  B^  A2 ,  B2,  C2,  D2  are  the  integration  constants  to  be  evalu¬ 
ated  from  the  following  conditions; 


Boundary  Conditions  at  r  =  a,  w2  =  0 


dw 


dr 


Z  =  0  , 


Continuity  equations  at  r  =  b,  w.  =  w 

1  1 


dw1  dw2 
dr  dr 


M  =  M 

r  1  r2 


Q  =  Q 
xr 1  xr2 
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Radial  moment  and  shear  force  Q  are  given  by  the  following  equations 


M 


d2w  dw 
dr2  r  dr 


Q  =  -D 
r 


d3w  1  d2w  1  dw 
dr3  r  dr2  "  r2  dr 


On  solving  the  constants  by  using  the  conditional  equations,  the 


final  results  are 


qb 

w  = 


1  64D 


H 


f  +  <  1  +  4a 


- 

\  b2 


l)  +  8  —  a  N  In  - 
/  b2  a 


+  2  —  <|2a  n(—  -  l)  +  4a  In  -  -  i: 

b2  I  Vb2  )  a 


;  0  ^  r  ^  b, 


...  (7) 


qa2b2a 

w  =  - 

2  16Dh 


(1  +  N)  a  -  g)  +  2  in  f  <Jn  +  j}] 


b  ^  r  ^  a, 

...  (8) 


M 


..sk: 


rl  16 
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16 
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...  (ID 


M. 


1 2 


”  j“2(l  +  y)  (1  +  N)  +  2(1  -  y)N  +  4(1  +  y)  In  ^  +  2(1 


b  ^  r  ^  a. 


• ..  (12) 


where  N  = 


1  +  2(1  +  y)  (1  -  a)  In  £ 


l  +  y  _2  2 

(\-l)a  +  l+  \ 


l  -  y 
l  +  y 


r  l 


H 


2  r  1 


6 

r  =  —5-  M 
r2  u2  r2 


tl 


6_M 

H2  "tl 


t2 


—  M 

h2  t2 


...  (9a) 


...  (10a) 


...  (11a) 


...  (12a) 


where  M^,  Mr2 ,  Mtl  and  Mt2  are  given  by  equations  (9)  to  (12). 

Deflection  w  and  radial  moment  Mr  computed  from  equations  (7)  to  (10) 
for  various  y  and  —  ratios  are  shown  in  Figures  7  to  10. 


3y) 


2 . 6  Generalized  Plane  Stress  Theory  or 
Moderately  Thick  Plate  Theory 
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Love  suggested  using  a  generalized  plane  stress  theory  to  solve 

plate  problems  where  the  thickness  to  radius  ratio  is  greater  than  0.1.  The 

assumptions  for  a  generalized  plane  stress  system  are 

i)  a  ,  the  stress  normal  to  the  plane  of  plate  (X-Y  plane) ,  as  shown 
z 

in  Figure  6,  is  zero  throughout  the  thickness, 

ii)  a  and  a  are  zero  on  the  plate  surfaces  z  =  0  and  z  =  h, 
zx  zy 

but  do  not  vanish  inside. 


Z 


X 


Y 

FIGURE  6.  Plate  Element 

The  basic  differential  equations  and  their  solutions  are  the  same 
as  equations  (3) ,  (4) ,  (5)  and  (6)  for  the  case  discussed  using  thin  plate 
theory.  The  boundary  conditions  and  the  continuity  equations  also  remain 
the  same  as  given  in  the  thin  plate  theory.  Love  presents  the  following 
equations  for  moments  in  the  middle  plane  of  the  plate  on  the  basis  of 
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related  stress  functions: 


(ID 


8  +  y  +  y2 


=  "dh  <ki  +  "  go"'  (1  -  y)  qR2  ;  0  <  r  <  b  ...  (13) 


Mr2(12)  =  -Dh  v2w2  +  Dh  (1  -  w)  7  IF  (w2  +  So  h2v2w2)  ; 


b  <  r  <  a  ...  (14) 

where  for  axi-symmetrical  cases  in  plane  polar  co-ordinates 


- 


d2  1  d_ 
dr2  r  dr 


d2Wi 


dr' 


i  dw 
1  1 


*2  r  dr 


Love’s  notations  have  been  changed  in  the  following  manner  to 
conform  to  the  present  work: 


Love’s  notation 


Notation  in  this  work 


2H  H 

2h  h 


1  d_ 
r  dr 


P 


-q 
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Using  equations  (13)  and  (14)  for  M  ,  the  final  results  are 
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where  N  = 


2<“  - 1)  ln  i +  h  ■  fr 
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r2 


—  m 

h2  iJr2  » 
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. ..  (17a) 

. ..  (18a) 

. ..  (19a) 

. ..  (20a) 


where  Mrl,  Mr2 ,  Mtl,  and  Mt2  are  given  by  equations  (17)  to  (20)  respect¬ 
ively. 

The  deflections  and  radial  moments  obtained  from  equations  (15) 

b  H 

to  (18)  have  been  plotted  in  Figures  7  to  10,  for  various  —  and  —  ratios, 

3-  n 

taking  -^  =  0.1  . 


2 . 7  Discussion 

The  deflection  curves,  Figures  7  and  8,  show  that  the  deflection 
obtained  from  the  simplified  method  is  very  close  to  the  values  obtained 
from  the  thin  plate  theory  and  the  generalized  plane  stress  theory  for  —  =  4. 
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From  Figures  9  and  10  it  may  be  observed  that  the  radial  moments,  hence  the 

radial  stresses,  obtained  from  the  simplified  method  closely  approximate 

the  values  obtained  from  the  thin  plate  theory  and  the  generalized  plane 

stress  theory  for  —  >  2.  From  the  values  computed  from  equations  (15)  to 

(18)  it  may  be  remarked  that  the  radial  moment  decreases  with  increase  in 
b  h  H 

—  ratio  but  increases  with  increase  in  —  and  —  ratios;  whereas,  deflection 
a  ah 

b  H 

decreases  with  increase  in  —  and  —  ratios  but  increases  with  increase  in 

a  h 


—  ratio, 
a 


CHAPTER  III 


EXPERIMENTS  AND  RESULTS 


3 . 1  General 

In  designing  the  load  transducer,  the  objective  was  to  keep  the 
element  as  simple  as  possible.  The  load  was  applied  in  a  quasi-static 
manner  in  a  hydraulic  universal  testing  machine.  A  special  loading  head  was 
designed  so  that  when  fitted  to  the  existing  swivel  jointed  head,  the  load 
was  distributed  uniformly.  Budd  strain  gauges,  type  C6-111  having  a  gauge 
length  of  in. ,  were  used  in  connection  with  a  Baldwin-Lima-Hamilton  SR-4 
strain  indicator. 

3 . 2  Stepped-Up  Diaphragm 

To  check  the  theoretical  results,  experiments  were  carried  out  on 
two  specimens — one  having  the  stepped-up  central  portion  symmetrical  about 
the  middle  surface  and  the  other  with  stepping-up  only  on  the  top  side  of 
the  diaphragm. 

3.2-1  Symmetrical  Diaphragm 

The  specimen  used  in  the  experiment  is  shown  in  Figure  11.  The 
strain  gauges  were  fixed  on  the  top  and  bottom  surfaces  at  radial  distances 
of  0.223  in.,  0.5  in.,  1.0  in.  and  1.25  in.,  that  is,  at  -■  =  0.148,  0.333, 
0.667  and  0.835  respectively.  A  strain  gauge  was  also  placed  at  the  center 
of  the  bottom  surface.  The  radial  stresses  calculated  from  experimental 
strains  and  the  theoretically  expected  stresses  at  the  same  points  are 
shown  graphically  in  Figures  12  and  13. 


. 
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FIGURE  11.  Symmetrically  Stepped-Up  Diaphragm 


Discussion: 


The  thin  plate  theory  and  the  generalized  plane 
stress  theory  indicate  the  existence  of  radial  strains  proportional  to  the 
bending  moment  at  the  center  of  the  bottom  surface  of  the  diaphragm.  But 
the  strain  gauge  fixed  at  the  center  of  the  bottom  surface  did  not  register 
any  strain,  signifying  the  absence  of  any  bending  strain  or  stress  there. 
This  suggests  that  the  plate  theories  are  not  applicable  to  the  central 
region  where  thickness  to  radius  ratio  is  high,  that  is,  for  —  =  6. 

Under  the  full  load,  the  experimental  radial  stresses  differed 
from  the  theoretical  stresses  by  the  amounts  shown  in  Table  1.  Table  1 
shows  that  the  experimental  results  agree  with  the  theoretical  values 
within  tolerable  limits  only  at  points  away  from  the  central  zone. 

The  experimental  stresses  showed  good  linearity  with  respect  to 

the  applied  loads,  the  maximum  deviation  being  2.6  per  cent  of  the  full 

scale  at  —  =  0.148. 
a 
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FIGURE  12.  Radial  Stress  vs.  Load  Curve 
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FIGURE  13.  Radial  Stress  vs.  Load 
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Deviation  from 

Deviation  from 

At 

Love’s  Solution 

Simplified 

Solution 

r 

a 

=  0.148 

less  by  26.8  per  cent 

less  by 

20.5 

per  cent 

r 

a 

=  0.333 

less  by  15.81  per  cent 

less  by 

12.7 

per  cent 

r 

a 

=  0.667 

more  by  5.46  per  cent 

less  by 

2.9 

per  cent 

r 

a 

=  0.835 

less  by  10.1  per  cent 

less  by 

11.8 

per  cent 

_ 

TABLE  1.  Deviation  of  Experimental  Radial  Stress  from 
the  Theoretical  Stress  at  Full  Load 


3.2-2  Diaphragm  with  Stepping-Up 
Only  on  the  Top  Side 

The  specimen,  shown  in  Figure  14a ,  was  used  in  this  experiment. 

It  is  to  be  noted  that  this  specimen  corresponds  in  shape  to  one  shown  in 
Figure  2.  The  radial  stresses  calculated  from  the  experimental  results 
along  with  the  theoretical  stresses  are  shown  in  Table  2.  The  theoretical 
stresses  have  been  obtained  from  equations  (9)  and  (10) ,  derived  from  the 
thin  plate  theory,  by  taking  a  =  2",  ^  =  0.1,  and  ^  =  4,  and  from  the 
equation  (2)  derived  from  the  simplified  method. 

Remarks : 

Experimentally  obtained  stresses  showed  linearity 
within  allowable  limits.  At  the  edge,  —  =  0.89,  the  experimental  radial 

Si 
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FIGURE  14a.  Asymmetrical  Diaphragm 


stress  was  one  per  cent  higher  than  that  obtained  from  the  simplified 
method  and  about  seven  per  cent  higher  than  that  predicted  from  thin  plate 
theory.  However,  for  the  central  region  the  theoretical  and  experimental 
stresses  differed  considerably. 
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TABLE  2.  Experimental  and  Theoretical  Radial  Stresses  for  the  Diaphragm  of  Figure  14 


,1 


. 


CHAPTER  IV 


CONCLUSION  (PART  A) 


In  order  to  determine  the  stresses  and  strains  for  the  diaphragms 
shown  in  Figures  1  and  2,  the  shape  of  the  diaphragm  was  idealized  to  a  sym¬ 
metrical  section  as  shown  in  Figure  5.  But  the  experimental  results,  shown 

in  Table  2,  did  not  agree  with  those  obtained  from  the  idealized  shape 

x 

except  at  —  =  0.89.  It  may  be  concluded  that  the  idealization  suggested  by 

cl 

Hoeland does  not  give  the  desired  results  in  the  vicinity  of  the  ideal¬ 
ized  zone.  The  experimental  results  indicate  that  the  non-symmetr ically 
stepped-up  central  zone  sets  up  a  "disturbing  stress  field."  For  regions 
far  away  from  the  stepped-up  zone  (about  eight  times  the  radius  of  the  boss 
in  this  experiment)  the  stress  distribution  can  be  predicted  by  idealizing 
the  shape  as  suggested  by  Hoeland  and  discussed  in  Sections  2.5  and  2.6. 

The  results  obtained  suggest  that  the  solution  obtained  by  the 
simplified  method  gives  a  better  approximation  to  the  actual  stress  dis- 
tribution  than  the  thin  plate  theory  and  Love's  theory  when  —  ratio  is 
large  (four  to  six  in  the  conducted  experiments) .  The  disadvantage  of  the 
simplified  method  is  that  it  does  not  give  any  information  about  the  moment 
or  stress  distribution  and  the  deflection  in  the  region  0  <  r  <  b. 

It  is  felt,  only  a  rigorous  method  as  suggested  in  Section  2.3 
may  give  a  better  estimate  of  the  actual  stresses  and  strains  in  the 
diaphragm. 

The  experiment  on  the  diaphragm  with  a  symmetrical  section  shows 
that  though  the  actual  stress  is  somewhat  less  than  that  predicted  by  the 
theories  considered,  these  theories  give  a  fair  estimate  of  the  stresses. 


. 


32 


Hence,  moderately  thick  plate  theory  may  be  used  for  optimizing  the  dimen¬ 
sions  of  the  diaphragm  to  design  a  load  transducer. 


PART  B 


OPTIMIZATION  AND  DESIGN  PROCEDURE  FOR  A 


DIAPHRAGM  TYPE  LOAD  TRANSDUCER 


CHAPTER  V 


OPTIMIZATION  OF  DIMENSIONS  OF  DIAPHRAGM 


5.1  Optimization 

The  load  transducer  under  consideration  converts  the  load-induced 
mechanical  strains  to  electrical  signals  by  means  of  a  Wheatstone  bridge. 
The  sensitivity  of  the  transducer  is  a  function  of  the  strain  measured  by 
the  electrical  resistance  strain  gauges.  On  the  other  hand,  an  ideal  load 
transducer  measures  the  load  without  undergoing  any  deformation  itself. 
These  two  ideas  contradict  each  other.  Furthermore,  for  some  transducer 
applications  the  diaphragm  would  be  designed  so  that  the  applicable  load 
is  a  maximum  for  a  given  allowable  stress  of  the  material  of  the  diaphragm. 
In  the  present  work,  the  latter  criterion  has  been  taken  as  the  basis  of 
optimization  for  design  purposes.  The  sensitivity  will  then  mainly  depend 
on  the  characteristics  of  the  electrical  circuitry. 

Figures  9  and  10  show  that  the  bending  moment  at  the  junction  of 
the  two  thicknesses  is  not  much  lower  than  that  at  the  center.  At  the 
junction,  the  bending  stress  considered  for  the  zone  b  r  <  a  is  consider¬ 
ably  higher  because  of  the  small  thickness  than  the  bending  stress  in  the 
zone  0  <  r  <  b.  Hence,  optimization  is  made  by  taking  the  stress  at  radius 
r  =  b  and  for  thickness  equal  to  h  as  the  critical  stress.  From  equation 
(17)  the  radial  moment  at  r  =  b  is  given  by 

-  (3  +  w)  +  2a  (1  +  m>  B,  -  $  • 


' 
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The  radial  stress  at 


6Mr  _  3P 
r  h2  8tt1i2 


r  =  b  due  to  this  moment  M  is 

r 

-  (3  +  y)  +  2a  (1  +  u)  B i  -  '^'5(1^-^) 


Thus , 


P 


8-rra2 

3 


a 

r 


1 

-  (3  +  y)  +  2a  (1  +  y)  B1 


8  +  y  +  y2 - TP] 

5(1  -  u)  ’  b2J 


For  an  allowable  stress  a  ,  depending  upon  the  material  of  the  diaphragm, 
and  a  given  outside  radius  r  =  a,  the  load  P  will  be  a  maximum  when  the 
expression 


8  +  y  +  y2  H2 


(3  +  y)  +  2a  (1  +  y)  B1 - 5(1  -  y) 


b^J 


...  (21) 


is  a  maximum. 


h  b 

A  computer  was  used  to  obtain  the  values  of  the  parameters  — ,  — , 

3.  Si 


H 


and  — ,  for  which  expression  (21)  is  a  maximum.  The  following  data  were 
programmed  into  an  IBM  360  computer: 


Values 

of 

D 

a 

from 

0.05 

to 

0.3 

in 

6 

steps , 

Values 

of 

h 

a 

from 

0.01 

to 

0.6 

in 

60 

steps, 

and  Values 

of 

H 

u 

from 

1 

to 

6 

in 

6 

steps . 

The  result  obtained  was  that  the  applicable  load  is  a  maximum  when 


H 

h 


1.0. 


- 


This  means  that : 
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1)  The  diaphragm  should  be  uniformly  thick  without  any  stepping-up, 

H  i  n 
since  —  =  1.0. 


2)  The  diaphragm  should  be  thick,  as  a  large  —  ratio  gives  a  maximum 

Si 

load  which  is  indicated  by  the  result  —  =  0.6. 


a 


3)  The  load  should  be  distributed  over  an  area  as  large  as  possible 

because  of  the  result  —  =  0.3  (the  maximum  value  which  was  pro- 

a 

grammed) . 


Remarks : 


In  view  of  the  above  optimization  and  the  stress  concen¬ 


tration,  which  will  evidently  be  introduced  at  the  junction  of  the  thicknesses, 
a  uniform  thickness  throughout  the  diaphragm  is  recommended  for  a  transducer 
application.  The  load,  therefore,  is  to  be  applied  on  the  diaphragm  through 
a  projection  under  the  loading  plate  rather  than  having  the  projection  as  an 
integral  part  of  the  diaphragm. 


Since  both  the  thin  plate  theory  and  the  moderately  thick  plate 


theory  do  not  agree  completely  with  the  experimental  results,  it  was 
decided  to  use  the  thin  plate  theory,  equations  (7)  to  (12),  in  the  design 
procedure  because  it  led  to  an  easier  analysis. 

5 . 2  Uniformly  Thick  Diaphragm — Thin  Plate  Theory 

For  a  uniformly  thick  diaphragm  the  equations  (7)  to  (12)  reduce 
to  the  following  forms  (by  letting  H  be  equal  to  h) : 


64D 


h 


2  2 

-  3  +  4  In  -  +  2(f)  (4  In  f  -  \)  ; 

a  b  & 


0  <  r  <  b 


•  •  • 


(22) 
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(2  +  -^r-)  (1  +  y)  +  ~  (1  -  y) 
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...  (27) 


°rl  ■  f?  Mrl  . 


0  <  r  <  b, 


. . .  (24a) 


ar2  =  ^  Mr2  ’ 
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0  <  r  <  b, 


...  (25a) 
...  (26a) 
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b  <  r  <  a, 


...  (27a) 


where  M  M  M  .  and  M  are  given  by  equations  (24)  to  (27)  respectively. 
w“  rl’  r2  ’  tl  t2 


CHAPTER  VI 


DESIGN  PROCEDURE  FOR  A  DIAPHRAGM  TYPE  LOAD  TRANSDUCER 


This  chapter  discusses  a  design  procedure  for  a  load  transducer 
having  a  diaphragm  type  element  and  using  a  bonded  electrical  resistance 
strain  gauge.  The  general  requirements  of  a  load  transducer  may  be  stated 
as  follows: 

a)  high  sensitivity, 

b)  small  size,  low  mass,  high  natural  frequency, 

c)  adequate  strength, 

d)  wide  load  range, 

e)  linear  response. 

In  connection  with  sensitivity  and  linear  response  the  design  of 

the  transducer  depends  on  the  selection  of  the  type  of  the  strain  gauges 

(4) 

and  associated  electrical  circuitry.  Wenk  recommended  the  use  of  rec¬ 
tangular  gauges  in  place  of  spiral  strain  gauges  because  of  the  latter's 
undesirable  properties  of  non-linearity  of  response,  hysteresis  and  poor 
temperature  compensation.  On  the  other  hand,  Werner ^  suggested  using 
spiral  type  strain  gauges  because  of  their  advantages  of  small  size,  high 
sensitivity  and  high  natural  frequency.  Werner  traced  the  cause  of  the 
undesirable  properties  of  spiral  gauges,  as  reported  by  Wenk,  to  the  failure 
of  the  innermost  turns  of  the  spiral  to  follow  the  strains  because  of  their 
small  radius  of  curvature.  He,  therefore,  suggested  leaving  out  the  winding 
of  the  gauge  near  the  central  region.  In  this  investigation  both  types  of 
gauges  were  used  to  compare  their  performances.  The  design  procedure  used 
in  this  chapter  is  similar  to  that  which  was  used  by  Werner ^  in  designing 
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pressure  transducers. 


Radial  strain  e^  and  tangential  strain  e^,  from  the  laws  of 


elasticity,  are  given  by 


e  = 


¥  (°r 


ycr  ) 


-TT 

Eh2  r 


yMt) 


e.  = 


E  (°t 


por) 


— r  <M, 

Eh  s 


pMt) 


Substituting  the  values  of  M  and  M  from  equations  (24)  to  (27)  in  these 
two  equations,  we  obtain 


ri 


3  qb2  (^  2)  r2  X  /  1  b  b2 

=  -8^2(1-^2)  |_3  ^  +  4  -  —j 


0  <  r  <  b. 


...  (28) 
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CHAPTER  VI 


DESIGN  PROCEDURE  FOR  A  DIAPHRAGM  TYPE  LOAD  TRANSDUCER 


This  chapter  discusses  a  design  procedure  for  a  load  transducer 
having  a  diaphragm  type  element  and  using  a  bonded  electrical  resistance 
strain  gauge.  The  general  requirements  of  a  load  transducer  may  be  stated 
as  follows: 

a)  high  sensitivity, 

b)  small  size,  low  mass,  high  natural  frequency, 

c)  adequate  strength, 

d)  wide  load  range, 

e)  linear  response. 

In  connection  with  sensitivity  and  linear  response  the  design  of 

the  transducer  depends  on  the  selection  of  the  type  of  the  strain  gauges 

(4) 

and  associated  electrical  circuitry.  Wenk  recommended  the  use  of  rec¬ 
tangular  gauges  in  place  of  spiral  strain  gauges  because  of  the  latter’s 
undesirable  properties  of  non-linearity  of  response,  hysteresis  and  poor 
temperature  compensation.  On  the  other  hand,  Werner suggested  using 
spiral  type  strain  gauges  because  of  their  advantages  of  small  size,  high 
sensitivity  and  high  natural  frequency.  Werner  traced  the  cause  of  the 
undesirable  properties  of  spiral  gauges,  as  reported  by  Wenk,  to  the  failure 
of  the  innermost  turns  of  the  spiral  to  follow  the  strains  because  of  their 
small  radius  of  curvature.  He,  therefore,  suggested  leaving  out  the  winding 
of  the  gauge  near  the  central  region.  In  this  investigation  both  types  of 
gauges  were  used  to  compare  their  performances.  The  design  procedure  used 
in  this  chapter  is  similar  to  that  which  was  used  by  Werner ^ 


in  designing 
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Theoretically  a  spiral  strain  gauge  measures  the  average  tangential 
strain  over  the  area  on  which  it  is  fixed.  To  facilitate  calculation  of  the 
average  strain,  the  radius  of  the  spiral  gauge,  R,  is  kept  less  than  b,  so 
that  only  one  equation  for  tangential  strain,  e^,  is  required.  The  average 
tangential  strain  under  the  spiral  gauge  of  radius  R  <  b  is  given  by  the 
formula 


-  1 
6t  R 


rR 


etidr  • 


Using  equation  (29)  for  e  in  this,  the  equation  becomes 

L»  1 


.  1  3^1 

8  Eh2 


(1 


-  v2)  [ 


R 

3b2 


+  4  In 


b  bil 
a  a2  J 


...  (30) 


Design  Equations 

a)  The  stress  and  strain  equations  derived  from  the  thin  plate  theory 
require  that  the  ratio  of  thickness  to  radius  of  the  diaphragm  to 
be  small.  For  a  moderate  estimate,  Werner  suggested 


. ..  (31) 


b)  For  linearity,  the  maximum  deflection  of  the  plate  should  be  a 
small  fraction  of  the  thickness.  From  experiments  Wenk  found 
that  w  <  —  ensures  linearity.  On  this  premise,  the  substitution 
of  equation  (22)  for  w1  with  r  =  0  results  in  the  condition 


%iax  b4  9 \ 

- r  (1  -  y*) 


[i  4  +  4  In  -  -  3 
Lb2  a 


h 

a 


16  E 


•  •  • 


(32) 
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c)  For  adequate  sensitivity,  the  strain  gauge  should  give  a  certain 


minimum  output  et  at  q,R.  This  gives  rise  to  the  following 

min 

equation: 


ft  etmin 

q  ' 


On  substitution  of  the  value  of  e^  from  equation  (30)  it  follows: 


h 

a 


3b2  Snin 


8  a2  et 


min 


-4  In  —  - 
a 


...  (33) 

d)  The  bending  moment  of  a  uniformly  thick  diaphragm  is  a  maximum 
at  the  center  (as  is  evident  from  Figure  9  from  the  curve  for 
—  =  1) ,  making  the  tensile  bending  stress,  at  the  center  of  the  bottom 
surface,  the  critical  stress  for  design.  The  maximum  bending 

r 

moment  from  equation  (24)  with  —  =  0  is 


“r 


max 


=  _  ski 
16 


(1  +  y )  4 


[‘ 


i  b  b2 

In - 7? 

a  az 


Therefore,  a. 


Qk' 


max 
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V)  h 


.  b 
In  — 
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a2  j 


If  the  diaphragm 


pressure  9max> 


is  to  have  adequate  strength  at  the  maximum 
then  for  a  factor  of  safety  of  two 


a 


r 

max 


2 


where  a1  is  the  maximum  working  stress 


of  the  diaphragm  material. 
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Substituting  the  value  of 
is 


'max 


in  this  inequality,  the  result 


h 

a 


4  C1  +  W) 


[S- 


4  In  — 
a 


. ..  (34) 


e)  In  practice  the  lowest  natural  frequency,  f,  of  the  diaphragm 
is  kept  much  higher  than  f  ,  the  expected  frequency  of  the  load 

JLi 

transient.  Therefore, 


The  lowest  natural  frequency  of  a  clamped  edge  diaphragm  is 

(13) 

given  by  Morse  as  the  following  expression: 


f 


0.467  \ 
az 


cps  . 


Thus , 


h  >  fL  ‘  3  /  y(1  -  u2) 

a  0.467  e  F 


. ..  (35) 


To  facilitate  designing,  equations  (31)  to  (35)  are  plotted  in  a 

graph  taking  a  fixed  value  of  — ,  which  is  generally  determined  by  the 

loading  conditions.  A  set  of  graphs  corresponding  to  equations  (31)  to  (35) 

for  —  =  0.1  is  shown  in  Figure  14.  The  following  values  for  physical  con- 
a 

stants  were  chosen  for  plotting  the  graphs: 

p  =  0.3;  E  =  29  x  106  psi;  y  =  0.308  lb/cu-inch; 

a  =  30,000  psi,  50,000  psi,  and  80,000  psi; 

—  =  0  and  0.1  . 

a 
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For  rectangular  gauges  —  =  0.  The  value  of  e^  was  chosen  as 

a  cmin 

1.0  y-in./in.  for  plotting  the  sensitivity  equation  (33).  The  sensitivity 

graphs  in  Figure  14  are  applicable  without  any  correction  if  "et  is 

min 

1.0  y-in./in.  If  another  value  is  used,  a  modified  value  of  q^  obtained 

by  dividing  the  actual  q  .  through  the  desired  "e^  expressed  in 

min  cmin 

y-in./in.  must  be  used. 

The  region  of  satisfactory  design  of  a  diaphragm  is  shown  by  the 
arrows  in  Figure  14.  The  pressures  indicated  by  the  intersection  points  of 
a  horizontal  line,  corresponding  to  a  fixed  —  ratio,  with  the  sensitivity  line 

SL 

on  the  left  and  with  the  strength  line  or  deflection  line  on  the  right  denote 
the  minimum  and  maximum  pressures  for  which  the  diaphragm  is  optimum.  The  use 
of  the  graphs  for  designing  a  diaphragm  is  shown  by  the  following  example. 


Example  Using  Figure  14 

A  diaphragm  type  transducer  is  to  be  designed  for  a  load  range  of 
50  to  2000  lb.  From  the  space  available,  radius  "a"  may  be  taken  as  1.5  in, 
and  the  load  will  be  distributed  uniformly  over  a  radius  of  0.15  in.  Ordi¬ 
nary  rectangular  gauges  are  to  be  used.  The  allowable  stress  of  the  dia¬ 
phragm  material  is  c  =  50,000  psi. 

The  object  of  the  design  is  to  find  out  an  optimum  thickness  "h" 
of  the  diaphragm. 

As  "b"  is  given  to  be  0.15  in.,  the  ratio  —  =  0.1  .  The  area 

under  load  is  irb2  =  0.0706  sq.  in.  Corresponding  to  the  load  range  of 

50  to  2000  lb,  the  pressure  range  for  which  the  design  is  to  be  made  is 

— 50_  20°°_  pSi.  or  706  to  28,200  psi. 

0.0706  0.0706  F 

A  vertical  line  is  drawn  at  28,200  psi  on  the  pressure  axis  of 
the  design  chart,  Figure  14.  The  vertical  line  cuts  the  strength  line 


' 
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FIGURE  14.  Design  Chart  for  Diaphragm  Type  Load  Transducer  for 
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1  -  50,000  psi  at  A  where  —  =  0.228.  The  horizontal  line  through  A  inter- 

Si 

R 

sects  the  sensitivity  line  for  —  =  0  at  B.  The  abscissa  of  point  B  is 

48  psi,  the  lowest  pressure  measurable  at  et  =1  y-in./in.  So  under  the 

min 

load  of  50  lb.,  i.e.,  pressure  706  psi,  the  strain  will  be  ttt-  =  14.7  y-in./in. 

4o 

The  optimum  thickness  to  radius  ratio  is  given  by  the  ordinate  of 
A  or  B,  which  is  0.228.  Therefore,  h  =  1.5  x  0.228  =  0.342  in. 

The  fundamental  mode  of  vibration  of  the  diaphragm  with  —  =  0.228 

Si 

is  given  by  the  relation  a  x  f  =  2000  from  the  horizontal  lines  marked  a  x  f. 
Thus , 


f 


2000 

1.5 


1333  cps  . 


The  diaphragm,  therefore,  should  be  used  where  the  expected  frequency  of 
transient  load  is  much  less  than  1333  cps. 


Remarks 

It  is  evident  from  Figure  14  that  the  maximum  pressure  for  which 
a  load  transducer,  with  —  =  0.1,  can  be  designed  is  of  the  order  of  10^  psi. 

Si 

Unless  the  dimension  "b"  and  hence, "a"  are  large  enough,  the  load  that  can 

be  measured  by  the  diaphragm  type  transducer  cannot  be  very  large  for  the 

ratio  —  =  0.1  (for  which  the  design  chart  14  has  been  drawn).  However,  for 
a 

other  —  ratios,  similar  design  charts  can  be  drawn, 
a 


q  , 


CHAPTER  VII 


EXPERIMENT  ON  A  LOAD  TRANSDUCER  AND  RESULTS 


Experiments  were  conducted  on  a  transducer  designed  according  to 
Figure  14  and  the  example  discussed  in  Chapter  VI.  The  load  was  applied 
uniformly  by  means  of  a  load  distributor  as  shown  in  Figure  15.  Three  types 
of  strain  gauges  were  used  in  these  experiments  to  compare  their  perform¬ 
ances  . 

In  the  first  experiment  a  B.L.H.  diaphragm  gauge,  type  FASE-25-12S6 
having  a  radius  of  in. ,  was  placed  at  the  center  of  the  bottom  surface  of 
the  diaphragm.  A  gauge  factor  of  2.1  was  set  on  the  selective  dial  of  the 
indicator.  The  strain  readings  for  different  loads  are  shown  in  Figure  16. 

The  second  experiment  was  conducted  with  two  "special  transducer 
quality"  B.L.H.  foil  gauges,  type  FAE-06S-12S6  having  a  gauge  length  of  in., 
placed  on  the  bottom  surface,  one  at  the  center  and  the  other  near  the  edge. 
These  two  gauges  were  connected  in  the  two  adjacent  arms  of  the  Wheatstone 
bridge  circuit  of  the  indicator.  The  combined  strain  output  from  the  indi¬ 
cator  has  been  plotted  against  the  applied  loads  in  Figure  17. 

In  the  third  experiment  Budd  strain  gauges,  type  C6-111  having  a 
gauge  length  of  in.,  were  used  in  place  of  B.L.H.  gauges.  The  experiment 
was  conducted  in  the  same  manner  as  the  second  one.  The  combined  strain 
outputs  for  corresponding  applied  loads  are  shown  in  Figure  18. 

Remarks 

The  spiral  gauge  exhibited  good  linearity  in  the  first  experiment, 
as  shown  in  Figure  16.  The  maximum  deviation  of  experimental  points  was 
1.6  per  cent  of  the  full  scale.  No  comparison  with  the  theoretical  strain 
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FIGURE  15.  ARRANGEMENT  FOR  EXPERIMENT  WITH  DIAPHRAGM 


KOAjmAia  Hriw  xmium*- 
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Spiral  Gauge  -  FASE-25-12S6  r\  =  0.24  p-in. /in. /lb 

G.F.  =  2.1 
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FIGURE  16.  Strain  Reading  vs.  Load  Curve  for  Diaphragm 


Special  transducer  quality 
BLH  Gauge  [gauge  length  1/16"] 
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FIGURE  17.  Combined  Strain  vs.  Load  Curve  for  Diaphragm 


Thin  plate  theory 
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FIGURE  18.  Combined  Strain  vs.  Load  Curve  for  Diaphragm 
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value  could  be  attempted  because  of  the  arbitrariness  of  the  gauge  factor 
of  the  spiral  gauge.  An  accurate  gauge  factor  cannot  be  determined  for  the 
spiral  gauge  because  of  its  geometry.  The  gauge  factor,  2.1,  used  in  the 
experiment  was  suggested  by  the  manufacturer  in  a  private  communication. 

It  is,  in  fact,  the  gauge  factor  for  the  material  of  the  gauge.  The  sensi¬ 
tivity  of  the  transducer  was  found  to  be  0.24  y-in./in.  per  lb.  A  change 
in  the  gauge  factor  may  give  a  higher  sensitivity,  but  it  is  not  known  what 
effects  this  will  have  on  the  linearity. 

Figure  17,  drawn  for  special  transducer  quality  B.L.H.  gauges, 
shows  that  the  strain  readings  were  linear  with  the  applied  load.  The 
linearity  was  within  1.7  per  cent  of  the  full  scale.  But  the  experimental 
curve  was  far  below  the  theoretical  curve.  The  reason  might  be  that  the 
gauges  were  not  positioned  in  the  locations  for  which  the  calculation  had 
been  made.  The  sensitivity  of  the  transducer  assembly  was  found  to  be 
0.36  y-in./in.  per  lb.  from  the  experimental  curve. 

The  third  experiment  with  Budd  gauges  yielded  the  results  shown 
in  Figure  18.  The  experimental  strains  were  linear  with  the  applied  loads 
within  1.9  per  cent  of  the  full  scale.  The  experimental  strain  (combined 
two  radial  strains)  at  full  load  was  only  4.9  per  cent  lower  than  the 
theoretical  value  (calculated  from  the  thin  plate  theory) .  The  sensitivity 
for  this  set-up  was  0.40  y-in./in.  per  lb. 


' 

had  otdeluDi&a  aria  doiriw  t  i  BnoJt3c  jot  »t  "fri,  o.:  8  q  on  i-1™ 


CHAPTER  VIII 


CONCLUSION  (PART  B) 


The  design  chart,  Figure  14,  constructed  by  following  Werner's 

method,  is  a  convenient  aid  for  designing  load  transducers.  Similar  design 

charts  can  be  constructed  for  different  materials  and  different  —  ratios, 

a 

using  equations  (31)  to  (35) .  The  experimental  results  agree  with  the  thin 
plate  theory  to  a  very  close  degree,  even  for  —  =  0.228,  as  shown  in 

cl 

Figure  18. 

From  the  experimental  results,  it  may  be  concluded  that  all  the 
three  types  of  gauges — B.L.H.  diaphragm  gauge,  Budd  foil  gauge  and  B.L.H. 
special  transducer  quality  gauge — show  good  reproducibility  of  the  results 
for  different  loading  cycles.  Non-linearities  of  strain-load  relationship, 
shown  by  these  three  types  of  gauges,  are  of  the  same  order.  The  linearity 
of  the  said  relationship  can  be  evidently  improved  by  taking  extra  pre¬ 
cautions  in  fixing  the  strain  gauges,  sealing  the  gauges  from  moisture 
(which  affects  the  performance  of  the  gauges) ,  using  more  accurate  strain 
indicator  and  the  associated  circuitry.  None  of  the  disadvantages  of  the 
spiral  gauge  which  have  been  referred  to  by  Wenk — non-linearity  of  response, 
hysteresis  and  poor  temperature  compensation — was  found  in  this  particular 
investigation.  This  may  be  due  to  the  fact  that  the  design  and  the  quality 
of  the  spiral  gauges  are  much  better  today  than  those  obtainable  in  the 
time  of  Wenk’s  publication  (1951).  The  disadvantages  that  may  be  ascribed 
to  spiral  gauges  are  the  comparatively  higher  cost  and  the  indeterminate 
nature  of  their  gauge  factor.  The  latter  makes  the  strain  readings  arbi¬ 
trary  and  hence  the  theoretical  average  tangential  strains  cannot  be  veri¬ 
fied  from  the  spiral  gauge  readings. 


. 
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The  sensitivity  of  the  transducer  using  Budd  strain  gauges  for 
the  same  load  range  is  higher  than  that  obtained  by  using  the  other  two 
types  of  gauges.  It  was  not  verified  whether  a  transducer  using  a  spiral 
gauge  with  a  different  setting  of  the  gauge  factor  would  give  a  higher 
sensitivity  without  impairing  its  linearity  of  response. 


PART  C 


OTHER  TYPES  OF  LOAD  CELLS 


CHAPTER  IX 


OTHER  LOAD  CELLS 


9.1  Purpose 

Two  other  load  transducers  commonly  employed  are  the  cylindrical 
and  the  fork  types.  The  purpose  of  this  chapter  is  to  set  up  design  pro¬ 
cedures  for  these  types  following  the  same  method  used  in  the  case  of  the 
diaphragm  type.  A  comparison  is  made  for  these  load  transducers  in  relation 
to  load  range,  sensitivity  and  frequency  response  for  the  same  overall 
dimension  of  the  transducer  elements. 

9.2  Cylindrical  Type  Load  Transducer 

If  a  cylindrical  body,  shown  in  Figure  19,  be  compressed,  the 
strains  at  a  point  on  the  surface  of  the  cylinder  are  given  by  the  follow¬ 
ing  expressions: 


Axial  strain  e. 


4P 


x 


Circumferential  or  radial  strain  e„  =  — ~— 

r  7Td/E 


P 


d  1 


E  output 


P 


FIGURE  19.  Cylindrical  element  and  the  Wheatstone  Bridge  Circuit 
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If  the  two  strain  gauges  G.  and  G_  are  connected  in  the  two 

A  d 

adjacent  arms  of  a  Wheatstone  bridge  circuit  as  shown  in  Figure  19,  the 
combined  strain  reading  from  the  indicator  will  be  given  by 


4P 


e  =  e  -  e  = 
c  r  x 


r  x  Tid^E 


(1  +  y)  . 


...  (36) 


In  accordance  with  the  design  procedures  of  Chapter  VI,  the 
following  conditional  equations  relating  the  cylinder  diameter  d  with  its 
length  may  be  derived: 

i)  For  adequate  sensitivity,  it  is  required  that 


e  e 
c  c  min 


P  . 
mm 


where  e  .  is  the  minimum  desired  strain  reading  at  the 
c  min  ° 

lowest  load  P  .  .  Substitution  of  expression  (36)  for  e  in  this 
mm  c 

inequality  leads  to  the  following  conditional  relation, 


2  .  4  Pmin 


d *  < 


ire  .  E 
c  mm 


(1  +  y) 


...  (37) 


ii)  If  the  ends  are  assumed  pinned,  the  lowest  buckling  load  is 


,  -  ^2ei 

cr  i2 


Working  load  P  must  then  satisfy 


P  < 


cr 


5 


where  five  is  the  factor  of  safety. 
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Thus , 


d4 


320  &2 
7T3  E 


P  . 


. ..  (38) 


iii)  The  load  P  must  satisfy  the  following  condition  in  order  to 
avoid  failure  in  compression: 


P  « 


where  a  is  the  allowable  compressive  stress  of  the  material  and 
two  is  an  arbitrary  factor  of  safety.  This  results  in 


l2 


8P 


7T  a. 


...  (39) 


iv)  For  uniform  distribution  of  stress  at  the  middle  of  the  cylinder 
length,  where  the  strain  gauges  are  mounted,  it  is  suggested 
that 


d<3  - 


...  (40) 


v)  The  fundamental  frequency  of  the  cylinder  is  given  by  Timo¬ 
shenko  as 


f  = 


L  fIL 

2W  Y 


0.952  x  10- 


cps 


...  (41) 


. 


The  graphs  d  vs.  P  are  plotted  in  Figure  20,  using  equations 
(37)  to  (40)  to  obtain  a  design  chart  for  a  cylindrical  transducer.  The 
area  indicated  by  arrows  in  Figure  20  represents  the  zone  of  optimum 
functioning  of  the  transducer.  The  abscissae  of  the  intersection  points 
of  a  horizontal  line  corresponding  to  a  particular  "dM  with  the  sensitivity 
line  on  the  left  and  with  the  buckling  line  or  the  strength  line  on  the 
right,  denote  the  load  range  for  which  the  transducer  performs  satisfac¬ 
torily.  The  use  of  Figure  20  in  designing  a  transducer  is  explained  by 
the  following  example. 


Example  Using  Figure  20 

A  cylindrical  transducer  is  to  be  designed  for  a  load  range  of 
2000  lb  to  40,000  lb  with  a  minimum  strain  reading  of  20  y-in./in.  at  the 


lowest  load. 

Let  i  be  equal  to  4  in.  and  a  be  60,000  psi  for  the  material. 

A  vertical  line  is  drawn  on  the  load  axis  at  40,000  lb.  The  line  inter¬ 
sects  the  strength  line  a  =  60,000  psi  at  A.  The  ordinate  of  A  is  1.3  in. 
denoting  the  designed  diameter  of  the  cylindrical  transducer.  The  hori¬ 
zontal  line  through  A  intersects  the  sensitivity  line,  which  is  drawn  for 

e  =  1.0  y-in./in.  at  a  load  of  24  lb.  This  means  that  even  at  24  x  20, 

c  min 

i.e.,  480  lb,  this  transducer  will  give  a  minimum  strain  reading  of 


20  y-in./in. 

From  equation  (41) ,  the  natural  frequency  of  the  bar  is 

5 

0 . 952  x 10  _  cps^  that  is,  0.238  x  10^  cps.  The  combined  strain  reading 
4 

e  will  be  1330  y-in./in.  under  the  load  of  40,000  lb  from  equation  (36). 
c 


, 


de.o 
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FIGURE  20.  Design  Chart  for  a  Cylindrical  Transducer 
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9.3  Fork  Type  Transducer 

The  fact  that  a  strain  gauge  can  convert  the  mechanical  strain 
to  electrical  signals  through  proper  circuitry  allows  any  form  of  mechanical 
element  to  be  used  in  a  transducer,  provided  the  element  can  convert  the 
load  into  strains  which  are  significantly  large.  One  form  of  such  an  element 
is  a  fork  as  shown  in  Figure  21. 


FIGURE  21.  Fork  Type  Transducer 


Simple  beam  theory  is  used  here  for  theoretical  analysis  of  this 
problem  without  resorting  to  a  rigorous  mathematical  approach. 

The  moment  across  AB  is  given  by 


M  =  PH  . 


6PH 


The  maximum  bending  stress  at  A  and  B  due  to  M  will  be  — —  . 

wd^ 

p 

direct  compressive  stress  across  AB  is 


The 


Therefore,  resultant  stresses  at  A  and  B  are  given  by  the  following 
expressions : 
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°A  "  Id  (6  I  "  1}  tensile. 


...  (42) 


and 


°B  '  Id  (6  1  +  « 


compressive . 


The  tensile  stress  at  A,  a.,  will  be  taken  as  the  critical  stress  for 

A 

designing  the  fork. 

As  a  numerical  example,  if  £  =  6  in. ,  d  =  1  in.  and  w  =  1  in. 

and  the  material  is  steel  with  E  =  29  x  10  psi.,  under  a  load  of  3000  lb, 

a  ,  the  stress  at  A,  will  be  105,000  psi.  and  for  commonly  employed  steels 

this  value  of  stress  will  exceed  the  yield  strength.  This  suggests  that 

the  fork  type  transducer  will  be  suitable  for  measuring  comparatively  low 

loads,  unless  a  different  material  or  larger  dimensions  are  used. 

To  decrease  the  number  of  parameters,  load  per  unit  width  will 

p 

be  used  for  design  calculations,  that  is,  Q  =  —  will  be  used  in  place  of 
P. 

The  strain  at  A  is  then  expressed  by  the  following  equation, 


1) 


e 


see 


(43) 
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Design  Procedure 

The  conditional  inequalities  for  a  dimensional  parameter  with 
other  parameters  are  set  up  following  the  same  method,  as  was  followed  in 
Chapter  VI  and  Section  9.2. 

a)  For  adequate  sensitivity,  i.e.,  to  assure  a  minimum  strain 
reading  e^^  at  the  minimum  load  Qm^n>  the  following  inequality  results 
from  the  expression  (43)  for  strain, 


Ilf  min 

d  x  6  V  0. 

mm 


...  (44) 


b)  From  the  point  of  view  of  the  strength  of  the  material,  if  the 
maximum  allowable  stress  be  and  a  factor  of  safety  two  is  assumed,  an  in¬ 
equality  of  the  following  form  is  obtained: 


...  (45) 


This  follows  from  the  inequality  ,  where  a^is  substi¬ 

tuted  from  equation  (42) . 

c)  The  deflection  at  the  load  application  point  should  not  be  more 
than  some  specified  value  6  ^  =  0.025, ,  so  that  the  simple  beam  theory  may 

be  applied.  Assuming  the  top  side  of  the  beam  as  a  cantilevered  beam,  it 
follows : 


4  <  6 

3  El  max 


0.02)1  . 


ax 


Hence , 


E 


(4) 3  <  0.025, 


•  •  • 


(46) 
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d)  The  fundamental  frequency,  f,  of  a  bar  fixed  at  one  end  and  free 
at  the  other  is  given  by  Timoshenko as 

'•fe  ‘-JW 

=  3.075  X  104  X  ir  ...  (47) 

In  practice,  the  natural  frequency  of  the  bar  is  chosen  much  higher  than 
the  expected  frequency  of  the  applied  transient  load,  f^.  This  gives  the 
following  condition, 


£  „  3.075  x  10 

t  ^  £  x  f 

w 


...  (48) 


The  equations  (44)  to  (46)  and  (48)  are  generally  plotted  to 
obtain  a  design  chart  for  a  fork  type  transducer.  To  reduce  the  number  of 
parameters  it  is  assumed  that  d  =  t.  Depending  on  circumstances,  a  fixed 

d  may  be  chosen  and  a  set  of  graphs  corresponding  to  expressions  (44)  to 

£ 

(46)  and  (48)  may  be  drawn  for  a  suitable  design  of  —  ratio.  Conversely, 

£ 

a  fixed  £  may  be  chosen  and  a  set  of  graphs  for  ^  vs.  Q  may  be  drawn  to 
design  optimum  d. 

Figure  22  has  been  drawn  taking  "d"  as  constant  and  equal  to 


—  in.  In  plotting  the  equations  (44)  and  (45)  only  the  dominating  terms 

emin  n^d 

inside  the  parentheses,  i.e.,  -r-1 —  dE  and  -r— - -  ,  which  are  normally  much 

^min  L  xmax 

greater  than  one,  have  been  taken  into  account. 

The  area  indicated  by  arrows  in  Figure  22  shows  the  zone  of 


satisfactory  design  of  the  transducer.  The  use  of  this  Figure  for  design 
purposes  is  explained  by  the  following  example. 
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FIGURE  22.  Design  Chart  for  Fork  Type  Transducer  for 
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Example  Using  Figure  22 

A  transducer  is  to  be  designed  for  measuring  loads  from  5  to  500  lb. 

3 

The  width  w,  thickness  t  and  depth  at  the  neck  d  are  equal  to  y  in.  and 
=  50,000  psi. 

The  transducer  is  to  be  designed  to  measure  Q  from  -yyy  to  -yyy  lb/in., 
that  is,  6.7  to  667  lb/in.  In  the  design  chart,  the  vertical  line  drawn  on 

the  load  axis  at  667  lb/in.  meets  the  strength  line  for  =  50,000  psi  at  A. 

£ 

The  ordinate  -j-  of  the  point  A  is  4.8.  The  designed  length  therefore,  is 

3  £ 

equal  to  y  x  4.8  =  3.6  in.  The  horizontal  line  at  y  =  4.8  cuts  the  sensitivity 

line  at  0.50  lb/ in.  load.  To  measure  the  minimum  load  of  five  pounds,  the 

6.70 


strain  indicator  should  read 


0.50 


=  13.4  y-in./in.  at  the  lowest  limit.  The 


frequency  of  fundamental  mode  of  vibration  of  this  fork  is  1780  cps.  from 
graphs  (48) .  For  this  configuration  the  maximum  tensile  strain  at  A  under  a 
load  of  500  lb  is  852  y-in./in.  from  equation  (43). 
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CHAPTER  X 


EXPERIMENTS  AND  RESULTS 


10 . 1  Cylindrical  Type  Transducer 

An  experiment  was  conducted  on  a  cylindrical  type  transducer  to 
verify  the  equations  developed  in  Section  9.2.  The  specimen  and  the  general 
arrangement  is  shown  in  Figure  23. 


FIGURE  23.  Cylindrical  Transducer 


Budd  gauges,  type  C6-111  having  a  gauge  length  0f  16  in.,  were  used.  The 
combined  strain  output  from  the  experiment  has  been  plotted  against  the 
applied  load  in  Figure  24. 
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FIGURE  24.  Combined  Strain  vs.  Load  Curve  for  Cylindrical  Type  Transducer 
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Remarks 

The  output  strain  showed  linearity  within  two  per  cent  of  the  full 
scale  reading.  The  maximum  strain  obtained  from  the  experiment  was  less  by 

2.2  per  cent  than  the  theoretical  value.  The  sensitivity  of  the  transducer 
was  0.0325  y-in./in.  per  lb. 

10 . 2  Fork  Type  Transducer 

The  fork  type  transducer  used  in  this  experiment  is  shown  in 
Figure  25.  The  material  used  for  the  specimen  was  tool  steel  (USS  T1  steel, 
having  0.12-0.21%  C,  0.70-1.0%  Mn,  0.40-0.65%  Cr,  0.15-0.25%  Mb,  0.03-0.08% 
Vn,  etc.).  This  steel  has  a  minimum  yield  strength  of  100,000  psi.  Budd 
gauge,  type  C6-121  (gauge  length  being  in.),  was  used.  The  output  strain 
against  applied  load  is  shown  in  Figure  26. 


0.375 


3.600" 


P 


0.750"^ 

4.125" 


FIGURE  25.  Fork  Type  Transducer 
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FIGURE  26.  Strain  vs.  Load  Curve  for  a  Fork  Type  Transducer 
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Remarks 

The  deviation  of  experimental  points  from  linear  relationship  was 
observed  to  be  2.7  per  cent  of  full  scale.  The  experimental  strain  was 
15.3  per  cent  lower  than  the  theoretical  value.  The  reason  may  be  that  the 
bending  moment  calculated  across  AB  in  Figure  21  and  its  distribution  along 
the  cross-section  do  not  follow  the  simple  beam  theory,  as  is  assumed  in 
Section  9.3,  for  a  short  length  of  lever  arm  H.  The  sensitivity  of  the 
transducer  was  1.45  y-in./in.  per  lb. 


CHAPTER  XI 


CONCLUSION  (PART  C) 


On  comparing  the  three  types  of  elements  of  transducers  investi¬ 
gated  in  this  work  for  comparable  overall  sizes,  the  following  observations 
can  be  made: 

1)  The  cylindrical  type  transducer  is  suitable  for  higher  loads, 
the  diaphragm  type  for  medium  loads  and  the  fork  type  for  low  loads.  The 
magnitude  of  the  loads  will  evidently  depend  upon  the  overall  size  of  the 
transducer . 

2)  The  cylindrical  type  transducer  is  comparatively  insensitive,  the 
diaphragm  type  is  moderately  sensitive,  whereas  the  fork  type  is  highly 
sensitive . 

3)  Because  of  geometry  the  frequency  of  natural  vibration  is  high 
for  cylindrical  type,  medium  for  diaphragm  type  and  low  for  fork  type. 

Where  the  expected  frequency  of  the  transient  load  is  very  high,  it  is 
preferable  to  use  the  cylindrical  type  of  element. 

For  certain  values  of  load  there  may  be  a  choice  between  the 
cylindrical  type  and  the  diaphragm  type  or  between  the  diaphragm  type  and 
the  fork  type.  The  final  choice  in  such  cases  would  depend  on  available 
space  (the  height  of  the  available  space  may  be  a  deciding  criterion) ,  the 
frequency  of  the  load,  ease  in  machining  the  element,  and  the  protective 
enclosure  that  might  be  needed  for  the  strain  gauges. 

One  of  the  purposes  of  this  thesis  was  to  design  a  diaphragm 
type  load  cell  for  a  maximum  load  range.  From  the  above  observations,  a 
diaphragm  type  transducer  can  not  be  recommended  for  very  high  loads.  But 
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the  small  height  of  the  diaphragm  cell  may  make  its  use  justifiable  in 
certain  applications.  The  fork  type  transducer  may  also  be  made  of  small 
height.  But  its  lower  natural  frequency  of  vibration  and  lower  load  carry¬ 
ing  capacity  may  become  disadvantageous.  Finally,  it  is  recommended  that 
the  thickness  of  the  diaphragm  cell  be  uniform,  if  the  diaphragm  is  to  be 
designed  for  a  maximum  load  carrying  capacity. 
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